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Introduction
The production of hydrogen over semiconductor photocatalysts has gained interest as an attractive method for converting solar energy into H 2 chemical energy that can be easily stored and transported [1, 2] . To date, titania (TiO 2 ) has been perhaps the most promising and most studied semiconductor photocatalyst for hydrogen production using typical reforming reactions [3] [4] [5] [6] [7] [8] . This is due largely to its abundance, non-toxicity and stability, not to mention the excellent activity under UV irradiation [9] .
Typically when a semiconductor is irradiated with equal or greater energy than the band gap, photons can be absorbed to pro-duce electron-hole (e − and h + ) pairs, which can either recombine or migrate to the surface and subsequently instigate redox reactions with adsorbed species. For the case of TiO 2 the band gap is 3.2 eV (ca. 387 nm), which is in the ultra-violet region of the spectrum [10] . Since only 4% of the light incident on the Earth's surface is in the UV part of the spectrum, researchers have continually attempted to look towards harnessing visible light, which constitutes over 45% of the incident light, with a view that if semiconductor photocatalysts can harness more light overall efficiencies will be greater. Carbon nitride has recently gained interest as an inorganic semiconductor for photocatalytic water splitting that is cheap, efficient and stable [11] [12] [13] [14] . This is predominately due to the band edge of carbon nitride 2.8 eV (ca. 450 nm) lying in the visible region of the spectrum, thus able to utilise a larger range of solar radiation compared to TiO 2 . Previous studies have shown that bare TiO 2 and C 3 N 4 typically demonstrate poor activity for photocatalytic hydrogen production. However, the addition of precious metal nanoparticles (NPs, e.g. Pt, Pd, Au or Ag) to the surface of the semiconductor can greatly enhance the efficiency of photocatalytic reforming reac- tions [15] .This increase in activity can be understood in terms of the energy levels of the semiconductor, i.e. the photo-excited electron in the conduction band of TiO 2 can be transferred to the metal NPs. This electron can then be trapped in the NPs as result of the Schottky barrier formed, thus increasing the lifetime of the electron-hole pair and improving photoreactivity. Furthermore, the metal is also important for activation the hole scavenger molecules that are used in hydrogen production, as described earlier [2] [3] [4] .
Both metal − loaded TiO 2 and C 3 N 4 also demonstrate poor efficiency for photocatalytic H 2 production from pure water in the absence of scavengers. Activity is typically dramatically enhanced by the use of a hole scavenger (sacrificial agent), which injects an electron into the VB. The hole in the valence band is then filled by the electron from the scavenger, further increasing the life-time of the electron in the CB by preventing recombination and thus reduction activity. Consequently, the hydrogen produced derives partly from water splitting and partly from dehydrogenation of the hole scavenger. Common hole scavengers for a Pd-TiO 2 catalyst are simple alcohols such as methanol, ethanol and glycerol. For the case of methanol the reported products of photo-reforming are CO 2 + H 2 , while for the case of ethanol the products have been reported as CH 4 + CO 2 + H 2 , [16] . However, the hole scavenger almost exclusively found in relevant literature for use with a metal NP supported C 3 N 4 photocatalysts is triethanolamine (TEOA).
It is rare in the literature to find the rates for these various materials and scavengers measured by the same group in the same equipment. In order to get a quantitative measure of their relative efficiency in this study we compare the photo-reforming reactions of methanol and TEOA on both Pd-TiO 2 and Pd-C 3 N 4 catalysts using simulated solar light. We compare the respective activities of these materials for hydrogen evolution using methanol and TEOA as hole scavengers, deriving reaction rates in the visible and UV parts of the spectrum, in an attempt to study the different reaction mechanisms across the two photocatalysts.
Experimental

Catalyst preparation
Graphitic carbon nitride g-C 3 N 4 was prepared by thermal decomposition of urea as reported previously [17] . The precursor urea was placed in a lidded, high form alumina crucible, then placed inside a muffle furnace and calcined in air. A ramp rate of 5 • C/min with a final temperature of 600 • C held for 4 h. The resulting powder was then washed with water, HCl, NaOH and once again with water to remove all unreacted and potentially detrimental surface species. The surface area was determined by BET to be ca. 40 m 2 g −1 .
For reactions involving titania, Degussa/Evonik P-25 was used in all cases, which had a surface area of 52 m 2 g −1 .
Incipient wetness catalysts
For the standard 0.5 wt% Pd-TiO 2 and 0.5 wt% Pd-C 3 N 4 catalysts, the impregnation to incipient wetness method was used to disperse the metal on the surface of the support as described previously [18] . Briefly, a solution of PdCl 2 was prepared with the appropriate concentration of palladium required for the incipient wetness point of TiO 2 (P-25) (0.75 ml of 6.67 mg ml −1 Pd solution for 1 g of TiO 2 P25) and the synthesised g-C 3 N 4 (6.5 ml of 0.77 mg ml −1 Pd solution for 1 g of C 3 N 4 ). After thorough mixing of the solution with the TiO 2 and C 3 N 4 the catalyst was dried at 200C for two hours before calcining in air for 3 h at 400 • C to produce the final state of the catalyst. Microwave plasma atomic emission spectroscopy (MP-AES) was performed on the prepared Pd-TiO 2 and Pd-C 3 N 4 incipient wetness catalysts to calculate the actual Pd loading after synthesis, details can be found in the ESI. The Pd-C 3 N 4 catalyst was found to have a weight loading of 0.50% Pd as expected, and the Pd-TiO 2 catalyst was determined to contain 0.42% Pd.
In-situ photodeposition
3%Pd-C 3 N 4 and 3%Pd-TiO 2 catalysts were prepared using in-situ photodeposition. Pd was deposited on the surface of the support during an induction period, whilst also simultaneously measuring the hydrogen production. Firstly, a solution of the Pd precursor, K 2 PdCl 4 containing the desired mass of metal (0.6 mg) was added to the reaction mixture of water (200 ml), hole scavenger (TEOA or MeOH 0.025 mol) and support (20 mg). Secondly, this mixture was then exposed to full arc irradiation 150 W Xe lamp under reactions conditions for 3 h, with full immobilisation of the Pd assumed oncethe hydrogen production rate becomes stable.
Photocatalytic hydrogen production
All experiments were carried out in a 250 ml round bottom Pyrex flask equipped with a rubber septum for sample extraction using a gas-tight syringe (1 ml, Hamilton). 150 mg of the catalyst was placed in the reactor with 0.025 mol of hole scavenger and 200 ml of Milli-Q water. The initial reaction mixture was sonicated for 30 min to disperse the catalyst and provide thorough mixing of the components. The solution was then purged with argon for 30 min to remove air from the headspace and also any dissolved oxygen from the system. Illumination of the reaction mixture was performed by a 150 W Xe arc lamp (LOT-Oriel) with constant stirring using a magnetic bar. Headspace samples were taken periodically (every 30 min) by gas tight syringe and used to calculate hydrogen concentration. Analysis was performed on a Shimadzu GC (model 2014), containing Haysep-N and molsieve (Shimadzu 80-100 mesh) columns arranged in series.
The wavelength dependence of hydrogen production was determined using long pass filters (LOT-Oriel 350, 375, 400 and 420 nm) using the 0.5% Pd-TiO 2 and 0.5% Pd-C 3 N 4 incipient wetness catalysts (150 mg) with TEOA as the hole scavenger (0.025 mol). After 30 min of sonication and 30 min purging with argon, each reaction was initially performed in the absence of a filter. Once the rate of hydrogen production was steady (ca. 90 min) a filter would be placed between the solar simulator and reactor, starting with the lowest wavelength. Again, once the rate was steady the next lowest wavelength filter would be put in place, and so on until either no hydrogen production was measured or the final 420 nm filter was in place.
Characterisation
Samples were prepared for TEM characterisation by dispersing the catalyst powder in high purity ethanol, followed by sonication for 10 min. A drop of this suspension was then evaporated at room temperature on a holey carbon film supported by a 300 mesh copper TEM grid (Agar Scientific). Samples were then subjected to bright field diffraction contrast imaging in order to determine particle size distribution. The TEM instrument used for this analysis was a JEOL-2100 with a LaB6 filament operated at 200 kV.
UV-vis spectra were recorded on a Shimadzu UV-2600 spectrometer using a pressed disc of the sample. Kubelka-Munk transformed diffuse reflectance spectra (DRS) of all samples were measured between 200 and 800 nm with BaSO 4 powder used as a reference. 
Results and discussion
UV-vis Spectra
The absorption properties of pristine TiO 2 (P-25) and C 3 N 4 were analysed by diffuse reflectance UV-vis spectroscopy ( Fig. 1 ). TiO 2 (P-25) shows negligible absorption in the visible range with a sharp increase below roughly 400 nm corresponding the band gap of TiO 2 (380 nm, 3.2 eV) [19] . In contrast, the absorption edge of C 3 N 4 is shifted by roughly 20 nm towards the visible compared to TiO 2 , which can be attributed to the lower energy band gap of C 3 N 4 . While the absorption edge of C 3 N 4 is sharp there is a tail between approximately 440-520 nm before flattening out, this tail can be attributed to a very small amount of n-* transitions [20, 21] .
In the region of 380 nm C 3 N 4 shows transitions which can be assigned to −* transitions commonly observed in heterocyclic aromatics [20] . Absorption spectra of both C 3 N 4 and TiO 2 prepared with 0.5 wt% Pd by incipient wetness were also recorded ( Fig. 1 ). In both cases the shape of the absorption spectrum is broadly similar, with a slight shift in edge position to longer wavelength. However, the Pd-TiO 2 sample shows increased absorption over a broad range of wavelengths in the visible region. This is likely to be due to the presence of some residual PdO on the surface of the semiconductor remaining after the calcination step that followed the incipient wetness impregnation. This PdO can absorb visible light in the 400-550 nm range owing to the low band gap and d-d transitions of the PdO particles. [22] . After reduction the catalyst changes colour and becomes more grey, consistent with the post-reaction UV-vis, which shows increased absorption over a wide range of wavelengths. The nitride catalysts did not change colour significantly either after preparation or use.
It is worth noting that the band gap of C 3 N 4 synthesised from thiourea and dicyandiamide (DCDA) have been reported to possess smaller band gaps (∼2.75 eV) when compared to urea derived C 3 N 4 . The actual value of the band gap is dictated by a variety of factors, including morphological differences, and differences in defect concentrations/stoichiometry in the lattice. However despite absorbing a little in the visible, and hence showing some visible light photocatalytic activity, Martin et al. also showed that urea synthesised C 3 N 4 exhibited greater activity in photo reforming reactions under full arc illumination [14] . Table 1 Average particle size with standard deviation of Pd NPs made by in situ photodeposition for reaction of TiO2 and C3N4 with MeOH and TEOA.
Catalyst system
Range of highest occurrence (nm)
Transmission electron microscopy
TEM analysis of both the used and unused 0.5% Pd weight loading incipient wetness catalysts was performed. However, no Pd NPs were observed in any sample. Thus, it was assumed that the Pd NPs formed by this method were too small and well dispersed to be observed. Additionally as bright field TEM creates an image by Z contrast the PdO NPs expected on the prepared catalysts would be harder to observe compared to Pd NPs due to the differences in density. Analysis of the 3 wt% Pd-C 3 N 4 and 3%Pd-TiO 2 catalysts after reaction with either MeOH or TEOA was performed by TEM to gain information on the particle size and morphology of the Pd NPs produced during in-situ photo-deposition. Representative images of each along with particle size histograms are shown in Fig. 2 . As can be seen, in all cases the Pd NPs are well dispersed over the surface of the support. The Pd particles photo-deposited on C 3 N 4 have some heterogeneity containing agglomerates of particles, whereas the Pd particles on TiO 2 shows primarily spherical particles homogenously dispersed with a narrow particle size distribution. Table 1 shows the range of particle sizes of the Pd NPs, that were generated during the 3 wt% Pd-C 3 N 4 and 3 wt% Pd-TiO 2 reactions with either MeOH or TEOA. Particle sizes for the Pd on C 3 N 4 made from both hole scavengers differ by around 1 nm with a range of sizes of 2-6 nm for the MeOH reaction and 3-6 nm for the TEOA reaction. Whereas the particle size observed after the photodeposition reaction on TiO 2 differs more substantially (2-3 nm for the MeOH reaction and 4-7 nm for the TEOA reaction). It is interesting to note that the range of particle sizes for Pd is smaller after reaction with MeOH for both C 3 N 4 and TiO 2 even though the rate is less for this reaction than for the TEOA equivalent. It is therefore unlikely that the higher activity of the TEOA reactions is due to a particle size effect as smaller NPs have a higher metal surface area and so are typically more active. For the Pd to be reduced, photo-excited electrons in the conduction band need to be transferred to the Pd precursor in solution, whilst the hole in the valence band will need to be reduced by the hole scavenger. As the role of TEOA and MeOH in these reactions is to remove the hole then the efficiency of this process could affect the particle size during the photo-deposition. As can be seen the choice of hole scavenger and semiconductor has a strong influence on the quantities of hydrogen produced. Both reaction systems follow the same trend, with TEOA producing a greater yield of hydrogen compared to methanol. The titania based catalysts were significantly more active with full arc illumination than those of C 3 more hydrogen for the TEOA reactions and 60 times more hydrogen for the methanol reactions after 3 h. Although the concentrations of the hole scavengers are identical, methanol contains only four hydrogen atoms while TEOA has 15 and thus this could be one contribution to the improved hydrogen yield for TEOA for the Pd/TiO 2 sample. Thus, in Fig. 3 we also show the hydrogen evolution comparison for TEOA and methanol when the same number of moles of hydrogen are present in the sacrificial agent, and then the hydrogen evolution is very similar for the two. For the case of the Pd − C 3 N 4 sample, it is of particular note that the yield of hydrogen from aqueous methanol was significantly less than that of TEOA, especially when compared to the Pd-TiO 2 catalyst, while the latter shows little difference between the two hole scavengers. Also an induction period of about 90 min was seen before hydrogen was evolved for the methanol reaction, whereas with TEOA hydrogen production began immediately.
Photocatalytic performance across the full simulated solar spectrum
Incipient wetness impregnation catalysts
This difference can be explained when considering the necessity for the metal to be in the reduced, metallic state, as a prerequisite for the reaction to produce hydrogen. The Pd begins in the oxidic state, since it was calcined in air prior to use, and is photoreduced during the reaction. Actual, hydrogen evolution begins only once the Pd is fully reduced. Indeed, at least 0.08 ml of hydrogen would be needed to reduce the 4 mol of PdO present. At the rate of hydrogen evolution observed for the methanol reaction on Pd/C 3 N 4 (after 90 mins it is ca. 7 × 10 −4 ml/min) that would take around 100 min, as observed. On the other hand, on Pd/TiO 2 , the rate is 3 × 10 −2 ml/min, which corresponds with only around 3 min for reduction, which is before the first data point is measured. However, it is usually our contention that it is necessary to have the nanoparticles in the metallic form to be active. This then, appears only to be the case in the sense that before the metal is reduced the hydrogen which could be produced is used up in reducing the oxide to metal. As we showed recently 6 the ability to produce hydrogen depends on the reducibility of the metal, so Ni, for instance, will not produce hydrogen normally, but will if it is carefully pre-reduced before placing in the photoreactor. The implication of these findings could be that the transfer of a photo-activated hole from the titania to the nanoparticle oxide adsorbed on it actually limits the initial reduction process.
The lower reaction rate and the induction time for methanol indicates that it is a poor hole scavenger for C 3 N 4 . In contrast, TEOA is obviously a much better scavenger − yet it works even better with TiO 2 . The poor behaviour for methanol on the nitride is explained by the mechanism we have previously proposed for the reaction on Pd-TiO 2 [2, 16] which we describe as the photo-reforming of methanol. Basically it can be summarised as follows −
Here step 1 proceeds on the Pd nanoparticles, since methanol has been shown to decarbonylate at ambient temperature [4, 16, 23] and leaves CO adsorbed on the surface. When the surface is saturated with CO, no further reaction takes place (self-poisoning) until step 2 occurs by bandgap excitation in the TiO 2 to create an electron-hole pair. The CO is then cleaned off the Pd by the highly electrophilic oxygen species (the hole) in step 3. The final step is filling of the vacancy (V 0 ) in the titania by water. Thus, an essential element of this scheme is the active surface oxygen and this is not available on carbon nitrides surface, hence the very low reaction rate on that material. This then raises questions regarding the mechanism of reaction of TEOA. Since this does react on the nitride significantly, it is likely that reaction proceeds through the nitrogen group, initially presumably via the lone pair of the nitrogen. Indeed, work in progress in the group and elsewhere [24, 25] shows that amines react well photocatalytically with both materials. We know little about the mechanism of this part of this reaction, except that it is a net dehydrogenation. When comparing the two semiconductors with these identical reaction parameters, using the full spectrum of simulated solar light, it is clear that titania is significantly more active for photocatalytic hydrogen production with TEOA and methanol.
A second set of comparison reactions under different reaction parameters was also performed, using a much lower amount of 20 mg of the semiconductor (20 mg) in 200 ml of 0.125 M solution of hole scavenger with 3 wt% Pd loading. This was because reaction parameters for photocatalytic reactions involving carbon nitride can vary in the literature, however it is perhaps most common to use a relatively small amount of the catalyst (5-50 mg) with higher loadings of metal compared to reactions involving TiO 2 . [17, 26] . The results are basically very similar to those already described, and are presented in the supplementary material. Fig. 4 . Hydrogen production plots for reactions with 20 mg catalyst 3% Pd-C3N4 0.025 mol of methanol at pH 5.5 and 11.5 adjusted with NaOH. The left axis displays the hydrogen evolved in ml, while on the right data is given as mol g −1 .
Photo-deposition catalysts
In-situ photo-deposition by irradiation with UV light is a common method for reducing metal precursors to prepare NPs immobilised onto semiconductor surfaces. It has been reported that the role of the semiconductor such as TiO 2 or C 3 N 4 , during photoexcitation is to transfer electrons from the valence band to the metal precursor, whilst the hole reacts with a scavenger species. [27, 28] This results in the formation of Pd NPs in a dispersed manner across the surface of the C 3 N 4 , as can be seen in the TEM images in Fig. 2 , (discussed in more detail below).
The hydrogen evolution plots of the second set of comparison reactions with the Pd deposited by in-situ photo-deposition are shown in Fig. S1 Similar to the results for the incipient wetness method, TEOA was again found to be the most active hole scavenger for such materials with the titania based catalysts being the most active. The higher yield of hydrogen from TEOA is explained by the increased hydrogen content and extra functional groups of the molecule compared to methanol, as shown in Fig. 3 . However, a rate of hydrogen production from TEOA that is much higher than that of MeOH cannot be explained solely by the extra OH groups of TEOA. Therefore, it may be that the nitrogen functional group on TEOA is responsible for the majority of the activity observed, and is primarily responsible for the rapid deposition of the Pd.
It is worth noting that the pH of the initial reaction mixture containing TEOA, carbon nitride and water is very basic (pH 11.5 for 0.025 mol in 200 ml miliQ water) while the reaction mixture containing MeOH, carbon nitride and water was slightly acidic (pH 5.5 for 0.025 mol in 200 ml miliQ water). To investigate this further a reaction was preformed where NaOH was added to carbon nitride methanol mixture before the reaction to adjust the pH to 11.5. Fig. 4 shows the hydrogen production plots for the 3 wt% Pd in situ photodeposition reactions of g-C 3 N 4 with methanol at pH 5.5 and 11.5. The rate measured with the pH 5.5 and 11.5 reactions was 9.28 × 10 −4 and 11.3 × 10 −4 ml min −1 of H 2 respectively. This corresponds to an improvement in rate of about 22% for the reaction at higher pH, once the rate becomes stable. This is likely to be another factor as to why the MeOH reaction on Pd-C 3 N 4 produced less H 2 than the TEOA reaction. However it is thought that the arguments made in previous sections are still valid as the changes observed in the rate are small compared to the large increase in rate of TEOA over MeOH measured.
Wu et al. found a positive effect of high pH on visible light driven hydrogen evolution reactions of Pt loaded g-C 3 N 4 from a 20% vol methanol solution. Although its wasn't until pH 10 that a significant change in H 2 production rate was observed. [29] The reaction parameters used by Wu et al. varied to what was used in this study, i.e. 20% vol methanol solution, 1wt%Pt as the metal co-catalyst and a 400 nm long band pass filter. This could be a factor as to why we did not see as much of an improvement in rate at higher pH for the methanol reaction. Wu et al. suggested the increased activity is due to an increase in driving force for photochemical methanol oxidation at high pH. If this is correct it could be a factor as to why the induction period for the reaction at higher pH was reduced by about ∼90 min in our measurements.
Photocatalytic performance under simulated visible light
As shown in the UV-vis spectra (Fig. 1) , C 3 N 4 absorbs light in the visible range compared to the TiO 2 . The band gap of the urea synthesised C 3 N 4 is estimated to be in the region of 420 nm (2.9 eV) while that of P-25 titania is 387 nm (3.2 eV). Hence we might anticipate enhanced activity of these materials due to this extra visible absorption.
To investigate the wavelength dependence of photocatalytic activity, long band pass filters (350, 375, 400 and 420 nm) were used to block the UV region of the incident irradiation during the photocatalytic reactions of C 3 N 4 and TiO 2 . Fig. 5 shows the average rate of hydrogen production from incipient wetness 0.5% Pd-TiO 2 and 0.5% Pd-C 3 N 4 catalysts using TEOA as the hole scavenger. As might be expected for the 0.5%Pd-TiO 2 catalyst, the rate of hydrogen production decreases as the UV region is blocked until no hydrogen is produced with the 400 nm filter in place, which is consistent with the TiO 2 band gap of ca. 390 nm. Note that the UV-vis spectra of 0.5% Pd-TiO 2 show significant absorption in the visible region, but this does not contribute at all to any photocatalytic activity. For the 0.5%Pd-C 3 N 4 catalyst system, again the rate of hydrogen production decreases with successive addition of the long band pass filters of 350, 375 and 400 nm, but does have some activity for the 400 nm filter, that is, in the visible. This is consistent with the UV-vis spectrum of the carbon nitride support. However, when a 420 nm high band pass filter was employed neither the C 3 N 4 nor the TiO 2 catalyst produced any hydrogen after 3 h of illumination. So some visible light activity is observed for the nitride supported catalysts, but it is very low and much lower than when full spectrum light is used.
It must be noted that carbon nitride exists in a number of forms and stoichiometry, and these variations can have some effect on activity. In particular, Li et al [30] have recently shown that pre-hydrogenation of the nitride can result in an enhancement in activity in the visible of a factor of six or so.
Conclusions
Comparison of graphitic carbon nitride and P-25 titania, both loaded with Pd has been made for photocatalytic hydrogen production from TEOA and MeOH. When irradiated with a solar simulator, Pd/P25 titania was found to be the most active for these reactions. Of the hole scavengers used TEOA was demonstrated to be more active for this reaction compared to MeOH and Pd/C 3 N 4 showed almost no activity for methanol photo-reforming. Photocatalytic hydrogen production using graphitic carbon nitride is shown to be strongly correlating with the hole scavenger used; TEOA is over 14 times more effective than methanol. However under the same conditions but using TiO 2 , it was demonstrated that TEOA is only twice as effective at scavenging holes in comparison to methanol. By performing tests under identical pH conditions, we experimentally verified that the pH difference between TEOA and methanol in aqueous solutions is not the reason for enhanced activity, with the presence of a nitrogen group thought to be more significant. 5 . Average rates in ml min −1 and mol min −1 of hydrogen production with a set long band pass filters (350, 375, 400 and 420 nm) for left, 0.5%Pd-TiO2 and right, 0.5%Pd-C3N4 with TEOA reaction. The left axis displays the hydrogen evolved in ml min −1 , while on the right data is given as mol min −1 g −1 .
Photocatalytic tests were performed with long band pass filter in place to block out the UV radiation, allowing only visible light to interact with the TiO 2 and g-C 3 N 4 based catalysts. Under these conditions g-C 3 N 4 based catalysts were found to be active partially into the visible, with wavelength above 400 nm, but not above 420 nm. The equivalent reaction using TiO 2 based catalyst was found to be inactive for visible light, but significantly more active with UV irradiation than the g-C 3 N 4 based catalysts. This leads to the conclusion that g-C 3 N 4 based catalysts have the advantage over TiO 2 based catalyst in that activity is observed with longer wavelength of light. However the rates of hydrogen production are poor, especially when under to full arc conditions for both semiconductors. Therefore currently pure undoped g-C 3 N 4 based photocatalysts are inferior to TiO 2 based catalysts.
